Introduction
The concept of metamaterial transmission line was introduced for the first time in 2002 [1] [2] [3] to make reference to one-dimensional metamaterials consisting on a host transmission line loaded with reactive elements, and exhibiting a negative effective permeability and permittivity in a certain frequency band. The properties of substances with negative permeability and permittivity were already predicted by Veselago at the end of the sixties [4] . However, it was not until 2000 that such media (called left handed media, negative refractive index media or double negative media) were synthesized [5] . It was achieved by Smith and co--workers by combining metallic posts and split ring resonators (SRRs) in a periodic array of constitutive unit cells or "atoms". The posts provide a negative effective permittivity up to a cut-off (plasma) frequency (which depends on the post radius and the distance to the adjacent posts). The SRRs (proposed by Pendry in 1999 [6] ) are responsible for the negative permeability (in a certain band above resonance), which is achieved by illuminating the structure with a magnetic field parallel to the SRRs axis (the electric field must be parallel to the posts). Actually, the first artificial left handed medium [5] , although bulky (volumetric), it was neither three dimensional nor isotropic (a two dimensional implementation was subsequently provided by Smith et al. [7] ). These former media are thus artificial materials with controllable electromagnetic properties (permittivity and permeability), that is, metamaterials, although they are highly anisotropic.
Conversely, metamaterial transmission lines are not media (in the usual sense). These artificial lines have been termed this way as long as they can be designed to exhibit backward wave propagation (as synonymous of left handed wave propagation), thus mimicking wave propagation in left handed media. In spite of the fact that metamaterial transmission lines are not media, we can also consider that such lines exhibit a certain (controllable) effective permeability and permittivity. This can be done through a mapping between the line parameters (that is the parameters of the equivalent circuit model of the artificial lines) and the constitutive parameters (permeability and permittivity) of media, since plane wave propagation in isotropic media is described by the same equation that TEM wave propagation in transmission lines (telegraphist's equation) [8] .
Another important aspect of metamaterials is that, in order to define an effective permeability and permittivity, it is necessary that the structure is "seen" as a homogeneous (continuous) media. This means that the dimensions of the unit cells must be small as compared to the wavelength at the frequencies of interest. According to this, to talk in terms of effective permeability or permittivity in metamaterial transmission lines, has only sense as long as the homogeneity conditions are fulfilled. However, in metama-terial transmission lines the relevant parameters are the characteristic impedance and the electrical length (phase shift) of the lines, rather than the effective permeability and permittivity. Thus, the homogeneity condition is not actually necessary to control the impedance and the phase. Dispersion is inherently present in metamaterial transmission lines, and the characteristic impedance is dependent on frequency. Although the design of homogeneous metamaterial transmission lines usually provides roughly constant line impedance in the vicinity of the operating frequency, where the line can be considered to be homogeneous, the impedance varies considerably at frequencies where the guided wavelength is comparable to the cell dimensions (i.e., in that region where the structure cannot be considered to be homogeneous). Thus, homogeneity in metamaterial transmission lines (and in metamaterials in general) means achievement of the homogeneity conditions in the vicinity of the operating (or design) frequency. For the design of metamaterial-based circuits and components, homogeneity is irrelevant. Indeed, the required impedance and phase shift at the design frequency can be usually achieved through a single unit cell artificial line. This will normally provide a narrower bandwidth for impedance, but final dimensions can also be reduced. According to this comments, we will not restrict the definition of metamaterial transmission lines to those lines exhibiting homogeneity. In the present work, metamaterial transmission lines are considered to be those artificial lines loaded with reactive elements, whose phase and impedance can be controlled. Notice that according to this definition, metamaterial transmission lines can exhibit left handed wave propagation (equivalent to negative effective permeability and permittivity), or right handed wave propagation (equivalent to positive effective permeability and permittivity). It is also possible to implement artificial lines exhibiting stop band behaviour in a certain frequency band, related to the arrangement of unit cells providing a negative effective permeability or permittivity in that band. Such lines will be called negative permeability or negative permittivity lines. Fig. 1 [9, 10] . In Fig. 1(a) , a coplanar waveguide (CPW) transmission line is periodically loaded with shunt connected strips (emulating the shunt inductances) and gaps (accounting for the series capacitances). In Fig.  1(b) , where a microstrip line is considered, the shunt strips are replaced with vias. Finally, in Fig. 1(c) , a microstrip line is loaded with interdigital capacitances series connected and grounded stubs (acting as shunt inductors). In all cases, the lumped element equivalent circuit model of the unit cell is that depicted in Fig. 2 (this model is valid as long as the distance between the semi-lumped elements is small). Losses are considered to be negligible and hence they are not included in the circuit model. The elements of the model are the line parameters (capacitance C R and inductance L R ), the series capacitance C L , and the shunt inductance, L L . As usual, the sub-index denote the elements responsible for the left handed (L) and right handed (R) bands of these artificial lines. Namely, at low frequencies, the loading elements are dominant and left handed wave propagation arises in a certain frequency band. At higher frequencies, the loading elements are no longer dominant and the wave propagation is forward. The typical dispersion diagram (w-b) of such lines can be inferred from the following expression
CL-loaded
where b is the phase constant, l is the unit cell length, and Z s (w) and Z p (w) are the series and shunt impedances of the T-circuit model. Inspection of this dispersion diagram ( Fig. 3 ) reveals that the group velocity is positive in the al- lowed bands, whereas the phase velocity is negative (backward waves) in the left handed band, and positive (forward waves) in the right handed band. Thus, CL-loaded lines do actually exhibit a composite right/left handed (CRLH) behaviour [11] . To obtain a purely left handed line, we would need a cascade of series capacitances alternating with shunt inductances. This corresponds to the dual model of a conventional transmission line, which is well known to exhibit backward waves above a certain cut-off frequency [12] . However, such line cannot be implemented in practice since a host line is required. The frequency gap present between the left handed and the right handed bands is delimited by the following frequencies ( Fig. 3 )
and the lower (w -) and upper (w + ) limits of the left handed and right handed bands, respectively, are
By designing the structure with identical series and shunt resonance frequencies, the gap disappears and there is a continuous transition between the left handed and right handed bands (balance condition). At the transition frequency, the phase velocity is infinity, whereas the group velocity is finite (Fig. 4) . The implications of this (out of the scope of this work) have been discussed in detail in Refs. 13 and 14. Nevertheless, it is interesting to mention that the characteristic impedance (or image impedance) of these lines, given by the following general expression
takes this form 
for CRLH lines based on the model depicted in Fig. 2 [see 
for balanced lines. In this latter case (balanced lines) the impedance is maximum and roughly constant in the vicinity of the transition frequency [13, 14] (see Fig. 4 ). 
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Resonant-type metamaterial transmission lines
Let us now consider the resonant type approach of metamaterial transmission lines. These lines can be implemented either by means of SRRs [15] or through their complementary counterparts (CSRRs) [16, 17] . In the former case, the typical topology (unit cell) is depicted in Fig. 5 . It consists of a CPW with SRRs etched on the bottom side of the substrate, below the slots of the line, and shunt connected strips. As in Fig. 1(a) , the shunt strips provide the negative effective permittivity, whereas the SRRs are responsible for the negative effective permeability in a narrow band above their resonance frequency. As long as the plasma frequency of the CPW/strips is substantially higher than the resonance frequency of the SRRs, left handed wave propagation arises in a certain band. Alternatively, left handed wave propagation can be interpreted to the light of the lumped element equivalent circuit model of the structure. The first proposed model for the unit cell of these lines was reported in Ref. 15 , Fig. 6(a) . According to this model, the SRRs are described by the resonant tank, L s -C s the magnetic coupling between the line and the SRRs is accounted for through the mutual inductance M, L, and C are the inductance and capacitance of the line, respectively, and, finally, L p is the inductance of the shunt connected strips. This model is also valid for other SRR-based configurations implemented in microstrip technology [18] . As reported in Refs. 15 and 19, the model can be easily transformed to that depicted in microstrip line with a series gap and a CSRR etched in the ground plane, below the position of the gap. The CSRRs, provide the negative effective permittivity in a certain band in the vicinity of their resonance frequency, provided they are excited by means of an axial electric field [16, 17] . The negative effective permeability is provided by the series gaps. The lumped element equivalent circuit model of the unit cell of such lines was reported in Ref.
19 (see Fig. 8 ).
In this T-circuit model, the CSRRs are modelled by the resonant tank L c -C c , the line inductance is L, the series gap is modelled by C g and C account for the electric coupling between the line and the CSRRs. Let us now focus on the validity of the circuit models for the description of SRR-and CSRR-based metamaterial transmission lines. These circuit models are valid as long as they are able to properly describe the structures and the element parameters are representative of the different components (i.e., they have the given interpretation). To this end, we have developed a parameter extraction method for SRR-and for CSRR-based lines. The relevant ideas of this technique have been published in Ref. 20 for CSRR-loaded lines (for lines loaded with SRRs, the technique can be easily extended). Figure 9 shows the frequency responses of 4 different structures (unit cells) that have been obtained by means of electromagnetic simulation (using the Agilent Momentum commercial software). Table 1 ).
As it can be appreciated, the fit is good. However, there is a noticeable aspect that requires some discussion. Namely, for the two CSRR-loaded structures (with and without series gap), the transmission zero
varies substantially. The effect is due to a variation of the coupling capacitance, C (as revealed in Table 1 ). In the SRR-loaded structures (with and without shunt connected strips) a similar behaviour results, that is, the transmission zero is substantially modified, this time being due to a variation of the parallel resonant tank series connected in the Table 1 . Extracted element parameters for the structures used in Fig. 9 . 
Microstrip line loaded with CSRRs
In the CSRR-loaded lines, the enhancement of the coupling capacitance in the structure with series gap has been attributed to the fringing capacitance [20] . However, the variation seems to be excessive to be attributed to this fact, and this aspect has been investigated by the authors of Refs. 21 and 22. The solution is simply that the circuit model of Fig. 8 is valid (it provides an excellent fit to the electromagnetic simulation or experiment), but not all the parameters of this circuit model have the given physical interpretation. Namely, neither C g is actually the capacitance of the series gap, nor C is its fringing capacitance. A more realistic model of the structure is that depicted in Fig. 10 , where C L is the line capacitance, C f is the fringing capacitance of the gap and C s is the series capacitance of the gap. Obviously, from p-T transformation, the circuit model of Fig. 8 , which is the previously reported model of microstrip lines loaded with CSRRs and series gaps, is obtained, but the values of C g and C do not actually have a physical interpretation. Indeed, C g and C can be expressed in terms of C s and C par = C f + C L according to
Inspection of Eq. (13) indicates that as C s decreases (gap distance increases), C increases. Indeed C can be made very large if C s is sufficiently small. It is also apparent from Eq. (12) that in spite of the fact that the gap distance is increased, it is not expected that C g experiences a significant reduction. The reason is that for small values of capacitance (C par ). Such behaviour of C and C g has been recently corroborated by the authors by considering several CSRR-loaded structures with identical geometry except in the gap distance [21] . This analysis reveals that C can be enhanced by merely increasing the gap distance, without the penalty of a small C g value (since C f and C L do also contribute to this capacitance, see Eq. (12). These results are of interest because they reveal that it is possible to obtain high values of C (by decreasing C s ), regardless of the substrate thickness. These high values of C are typically necessary to enhance bandwidth and to drive the transmission zero frequency to small values. We would also like to highlight that in these CSRR--based structures, the frequency where the phase shift is null ( ) f b = = l 0 , w s does not depend on the characteristics of the gap, as has been demonstrated from full wave electromagnetic simulation of several structures with different gaps. The results of the electrical length are depicted in Fig. 11 . Indeed, this behaviour is consistent with the improved circuit model of CSRR-loaded lines (Fig. 10) , and hence it supports the validity of this model. Namely, the phase shift nulls at that frequency that opens the shunt impedance (see Eq. 1), and this occurs at the resonance frequency of CSRRs
Let us now focus on the SRR-based structures. It is obvious that the circuits of Figs. 6(a) and 6(b), reported for the first time in Ref. 15 by Martín et al., cannot be simultaneously correct since they predict identical transmission zero frequency (provided identical SRRs are used). In Ref. 15 , it was argued that the left handed band in a CPW loaded with 4 SRR and 4 shunt strip pairs was slightly situated to the right of the stop band measured on identical structure without the presence of the strips. But the greater number of stages obscures the position of the transmission zeros, as has been recently discussed by some of the authors [21, 23] . The problem is that the CPW structure of Fig. 5 is not properly modelled by the circuit of Fig. 6(a) . The shunt strips are not actually allocated at both sides of the SRRs, but just on the top of them. Thus, the circuit model (unit cell) of the CPW loaded with SRRs and shunt strips must be modelled as depicted in Fig. 12 [21, 23, 24] . However, this circuit model can be transformed to a model formally identical to that of Fig. 6(c) , but with modified parameters [21, 23] . That is the reason why the model of Fig.  6 (c) perfectly fits the simulated (or measured) frequency responses of SRR/strip loaded CPWs. From this transformation, which involves a tedious calculation, the shift of the transmission zero towards lower frequencies as compared to the structure without shunt strips can perfectly be explained. Due to symmetry considerations and reciprocity, the admittance matrix of the circuit of Fig. 12(a) (which is a bi-port) must satisfy Y 12 = Y 21 and Y 11 = Y 22 . From these matrix elements, the equivalent p-circuit model can be obtained according to [25] 
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Y 21 is inferred by grounding the port 1 and obtaining the ratio between the current at port 1 and the applied voltage at port 2. Y 11 is simply the input admittance of the bi-port, seen from port 1, with a short-circuit at port 2. After a straightforward but tedious calculation, the elements of the admittance matrix are obtained, and by applying Eq. (15), we finally obtain 
with
These results indicate that the improved lumped element circuit model of the unit cell of the left handed lines loaded with SRRs and shunt inductors (Fig. 12) can be formally expressed as the p-circuit model of Fig. 6(c) , but with modified parameters. These modified parameters are related to the parameters of the circuit of Fig. 12 , according to Eqs. (18) and (19) 
Inspection of these results reveals that the transmission zero frequency w z , for the circuit of Fig. 12 is no longer given by the resonance frequency of the SRRs w o , but it is smaller, that is, w w z o < . It is also interesting to mention that for the circuit of 
does not depend on the shunt inductance, in spite that Z s ( ) w is a function of L p . This has been corroborated through full wave electromagnetic simulation of identical left handed and negative permeability structures (with the exception of the absence of shunt inductive strips in the latter) [23] (see Fig. 13 ).
According to this analysis, the previous reported circuit model of left handed lines loaded with SRRs and shunt inductive elements [ ical meaning. However, they are related to the elements of the circuit model of Fig. 12 , which describe the different components of the left handed unit cell.
To further confirm the validity of the proposed circuit model of left handed lines, based on SRRs, we have inverted Eqs. (18)- (21) in order to obtain the parameters of the model of Fig. 12(a) (from the results shown in Table 1 ), and these coincide in very good agreement with those parameters inferred in the structure without shunt strips (see Table 2 ), and obtained through the transformation indicated in Fig. 6 . This means that the presence of the shunt strips does not affect the parameters of the structure, hence having a clear physical interpretation. They are not strictly electromagnetic duals, but the circuit models of these lines are formally circuit duals [26] . That is, the series/shunt impedance of any of these circuit models can be expressed as proportional to the admittance of the shunt/series branch of the other circuit. Thus, the similar behaviour is not actually surprising. Let us now compare the CL-loaded lines with CSRR--based metamaterial transmission lines. The corresponding circuit models are identical with the exception of the presence of the coupling capacitance C in the model of the CSRR-loaded lines. This coupling capacitance is the responsible for a transmission zero at a finite frequency in CSRR-loaded lines (in CL-loaded lines such transmission zero is at the origin). But apart from this, the behaviour of both structures is very similar. CSRR-loaded lines do also exhibit CRLH behaviour [27] . The frequency gap present between the left handed and right handed bands (unbalanced line) is delimited by the resonance frequency of the series and shunt branches (as occurs in CL-loaded lines). In the balanced CSRR-based structures, the characteristic impedance is given by the following expression 
Comparison between CL-loaded and resonant type metamaterial transmission lines
which corresponds to an impedance dependence on frequency very similar to that depicted in Fig. 4 . However, due to the presence of C, the maximum of the impedance is slightly displaced to the right of the transition frequency. A balanced CSRR-loaded line is depicted in Fig. 14 Fig. 12(a) , obtained from Table 1 . with the dispersion diagram and frequency response. The transmission zero and the broad band, consequence of the continuous transition between the backward and forwards bands, are visible (these balanced structures have been successfully applied to the design of high pass filters) [28] . According to these comments, CL-loaded, SRR-loaded and CSRR-loaded metamaterial transmission lines are conceptually very similar structures that exhibit comparable behaviour, including the possibility of balancing the lines. In this later case, the characteristic impedance is scarcely dependent on frequency in the vicinity of the transition frequency, and the allowed band can be made very wide. CL-loaded lines are more easily synthesized and usually exhibit a wider left handed band. However, to extend the left handed band significantly beyond those widths achievable through the resonant type approach, it is usually required the use of lumped components. The presence of the transmission zero in resonant type metamaterial transmission lines is very interesting for the application of these structures to microwave filters, as has been recently demonstrated [28] . However, it has also been demonstrated by the authors that resonant type metamaterial transmission lines can be useful for the design of enhanced bandwidth components [29, 30] , dual-band components [31] , and tunable components [32] [33] [34] .
Conclusions
In conclusion, we have reviewed the main metamaterial transmission line types, we have discussed their lumped element circuit models, and we have compared these lines to the light of such circuit models. Although apparently very different, we have found that there are actually many similarities between CL-loaded, SRR-loaded and CSRR-loaded artificial lines. We have seen that CL-loaded and resonant type metamaterial transmission lines can be modelled by means of circuit models that only differ in a single element, and we have pointed out that SRR-and CSRR-loaded lines are described by formally dual circuits, this explaining the almost undistinguishable behaviour of these resonant type artificial lines, and the effects of geometry.
